ABSTRACT. Spectro-nebulagraph (SNG), a tridimensional-spectroscopic system, has been developed as a versatile observation system attached to the Cassegrain focus of the 1.88-m telescope at the Okayama Astrophysical Observatory. Tridimensional spectra, i.e., so-called data cubes, are obtained by sweeping the telescope in the direction perpendicular to the slit of a spectrograph step by step. From the data cube, various monochromatic images can be extracted by data processing. SNG consists of four devices, i.e., the telescope control system, the autoguider, the spectrograph, and the CCD camera, which are distributed on a personal-computer network. The control software for SNG performs cooperative control of four devices in an automated fashion according to a programmed sequence of procedures. Some observational results taken with SNG are shown for 3C 120, NGC 4449, and NGC 3646.
INTRODUCTION
Area spectroscopy or tridimensional spectroscopy gives us vital information about extended objects such as galactic nebulae and galaxies. Particularly, imaging in emission lines from ionized gas is one of the basic methods of study of star-forming regions, various forms of activity in nearby galaxies, and so on.
Several observing techniques have been used to obtain monochromatic images. In order to observe a number of galaxies with different redshifts at several different emission lines, one must prepare a lot of different narrow-band interference filters. Since the transmission curve of a filter is fixed, a filter must be optimized for each bandpass. Otherwise, observers are often obliged to be satisfied with the use of unoptimized filters that transmit some unwanted light or that lose an appreciable part of light to be observed.
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wavelengths with a single filter. However, different étalons with different specifications are necessary for different widths of passbands. Preparation of many Fabry-Perot étalons is usually impractical because of their high cost. Therefore, most of Fabry-Perot imaging systems are developed with a limited number of étalons for some specified range of observations (e.g., Atherton et al. 1982) .
The transmission curve of a Fabry-Perot interferometer, the Airy profile, has a wide foot compared with those of narrow-band interference filters. Further, a finite amount of transmission remains at wavelengths between two adjacent orders. Thus, contamination by unwanted light of different wavelengths is possible if a target object emits a strong continuum or a strong line at the wavelength not far from the center of the observing passband.
Observation of monochromatic images of extended objects is also possible using a long-slit spectrograph. The method is such that an object image at a telescope focus is swept by the slit in the direction perpendicular to the slit orientation. The successive collection of two-dimensional spectra along the sweep produces tridimensional spectra, or a so-called data cube ( Fig. 1) , which has two spatial dimensions and one in wavelength. From a data cube, narrow-band and even wide-band images of any desired bandpass can be extracted by means of digital filtering, as long as the bandpass is included within the bandwidth of the original spectra. The data produced by the SNG system have three dimensions, with two spatial (x and y) and one wavelength (\) coordinates. An object image at the focal plane is divided into a set of rectangles of the slit configuration (Ax,y). 2D spectra (y,X) obtained at each slit position are stacked into a 3D spectrum (x,y,\), or a data cube. Fig. 2 -Block diagram of hardware components of Spectro-nebulagraph. A network server PC links all device host PCs and an SNG PC with a computer network. The SNG PC, the spectrograph host PC, and the CCD host PC are an identical single PC. The data acquired from the CCD are first stored on the hard disk of the SNG PC, and then transferred to the work station, on which an SNG data processing system is installed.
Contamination by light of unwanted wavelengths can be avoided easily by digital filtering. Even for blended lines, unwanted lines can be removed by deconvolving the blended line profiles. Continuum levels at emission lines can also be accurately determined by interpolation from both sides of the emission lines. Emission-line images free from continuum and/or blended lines or continuum images without contamination of lines are obtained.
The data cube is also obtained with a scanning FabryPerot, which images the object directly and scans in wavelength through a limited range of spectrum. However, this limitation and the nonsimultaneity in wavelength are great disadvantages for us to study an excitation mechanism operating on the gas in nearby galaxies.
Simultaneous tridimensional spectroscopy is possible with an Integral Field Spectrograph (i.e., TIGER; Courtes et al. 1987) or a fiber-bundle spectrograph (Gray et al. 1982) , both of which have disadvantages of limitation of the field, degradation of the data, and/or some loss of throughput. Considering the averaged seeing size of 2" and the strong artificial sky emission at our telescope site, a wide area should be observed around the object to remove the sky emission accurately. An observation in a limited area with high spatial resolution is not preferable.
Whichever observing technique is applied, the amount of useful information recorded on the detector is ideally the same if the detector is fixed. The long-slit sweeping type is the most effective if we consider the telescope site and our astronomical interest in studying an excitation mechanism operating on the gas in nearby galaxies.
We have developed a tridimensional spectroscopic system, the Spectro-nebulagraph (hereafter abbreviated as SNG) for the 1.88-m telescope of the Okayama Astrophysical Observatory. The principle of SNG originates in the spectroheliograph, and the concept and the configuration of the system is similar to ASPECT (Clark et al. 1984) of the AngloAustralian Telescope.
ASPECT uses an imaging photon-counting device for the detector of the spectrograph. The readout noise of photon counting is virtually zero and readout time is as short as a few tens of milliseconds. Therefore, ASPECT can sweep an object repeatedly many times within an exposure time to reduce an influence of changes of sky condition. This functionality is achieved with the help of a fast computer system and a modem telescope with a short mechanical response time.
On the other hand, SNG utilizes a CCD for the detector. As is well-known, a CCD has advantages of easier handling, higher quantum efficiency, better photometric linearity, and rigid geometry compared with existing photon-counting area detectors. The only disadvantage of the CCD is slowness in readout. However, this is not a fatal disadvantage in SNG which is constmcted for a fairly old telescope with slow mechanical response due to a network of conventional personal computers (PC).
In the present article, a detailed description of SNG's hardware and software systems are given in Secs. 2 and 3. System performance is discussed in Sec. 4. The usefulness of this system is demonstrated by applying SNG to obtain monochromatic images of 3C 120, NGC 4449, and NGC 3646 in Sec. 5.
HARDWARE
SNG consists of four instrument systems: the telescope control system, the autoguider, the spectrograph, and its CCD camera (Fig. 2) . These instrument systems and a network server computer are linked in a local-area network. Each instrument system consists of the instrument hardware (device), a device controller, and a control computer (device host PC). We use personal computers of the NEC PC9801 series, and the network of MS-Networks®.
The four instrument systems constituting SNG are described in terms of items relating directly to SNG in the following, while full details are found in the observatory manuals.
We commissioned SNG on the 1.88-m telescope, made by Grubb-Parsons in 1960, at the Okayama Astrophysical Observatory. The telescope-control system has been updated to utilize a programmable sequencer, host PCs, and network files of commands and status in a local-area network of PCs (Sasaki & Watanabe 1988) . The programmable sequencer Hour angle changes from -3 h to +3 h through the zenith, integrated intensity along the slit beyond 10" from a point source.
(Hitachi H-700) performs low-level operations of the telescope control, i.e., input/output of signals of sensing attitude and driving motors. A telescope-control program running on the host PC maneuvers the telescope and the dome. For autoguiding, the telescope-control PC monitors the guiding error signal, generated by the autoguider, at a given interval. The error signals are converted into time intervals for the fine motion of the telescope motors, which are sent to the sequencer to drive the motors.
An intensified CCD video camera head is mounted on the acquisition/guide assembly of the spectrograph. This camera acquires an image of 3'X4' field focused on the mirrorsurface slit of the spectrograph. A guide star is selected in this field. A video-signal processor (Avionics Image-2 II) digitizes the video signal into 8 bits to make a digital image of 512 by 512 pixels in every 1/30 s. The images are accumulated in a frame memory for a programed integration time to improve the signal-to-noise ratio.
After the integration time, a square subframe typically of 40X40 pixels around the guide star is read out by the guiderhost PC through GP-IB. The PC calculates the positional difference between the centroid of the star image and the center of the subframe. The result is output to the network file as the error signal which is updated in every integration time. The accuracy of the highest performance guiding of 0'.'2 rms, which depends mainly on the mechanical accuracy of the telescope-control system, is achieved with the minimum integration time (Yutani & Sasaki 1990 ).
The spectrograph is a long-slit spectrograph for the Cassegrain focus (Okita et al. 1986 ). The basic parameters of the spectrograph are given in Table 1 . A schematic layout of the spectrograph is reproduced from Okita et al. (1986) in Fig. 3 . Motions of movable elements of the spectrograph, illustrated by the thick arrows in the figure, are controlled by the device controller having a Z-80 as its CPU. The host PC for the spectrograph operates them by sending commands to the device controller through RS-232C. Diagnoses of the status of the spectrograph are also made through this port.
A Photometries Series 200 CCD camera (Photometries Ltd.) was chosen as the detector for the spectrograph. The CCD chip is a Photometries PM516A, which is a frontilluminated frame-transfer device. The format is 516X516, with 20 /mm square pixels. The CCD is coated with Metachromell® developed by Photometries to have spectral sensitivity shorter than 4500 Â. Quantum efficiency is 50% at the peak (7000 Â), and about 25% in the ultraviolet (2500-4500 Â). The readout noise is 4.8 e, and dark current is 0.13 e min -1 pixel -1 at an operating temperature of -110 °C. Radiation events appear at a rate of about 1.5 events min -1 frame -1 . The de war of the camera head was custommade in order to fit the focal-plane of the folded Schmidt camera of the spectrograph. A plano-convex fused silica window of the dewar acts as the field flattener for the Schmidt camera.
The camera system consists of the camera-head electronics CE200, the camera controller CC200, and a host PC. Operation of the camera system is through a GP-IB port by sending commands from the host PC and by reading out the status of the CCD camera and image data to the PC. The host PC of the CCD camera system is also the host of the spectrograph.
CCD signals are digitized into 14 bits at a rate of 50 kHz Focusing of the spectrograph is made by moving the collimator. The acquisition/guide video camera monitors the image reflected by the mirror surface of the slit plate. A mirror Ml obstructs the video camera from monitoring and guiding, when the spectrum of the comparison or continuum lamps is taken. Three occulting disks are prepared in the entrance-aperture unit. The comb mask is used to take data for correction of images for distortion.
by the camera-head electronics, and then stored in a frame memory in the camera controller. The digitized data read by the PC are formated as FITS files and stored on the hard disk of the PC.
SOFTWARE
In SNG observations, the four instrument systems must cooperate with each other. A scheduling program systematically controls these four stand-alone systems through the PC network to which the host PC of each device is connected. All software runs under MD-DOS®.
Software System Structure
The software for SNG control is divided into three categories as shown in Fig. 4 ; Device Control Program (DCP), Network File (NF), and SNG Observation Program (SOP).
The four device: the telescope, the autoguider, the spectrograph, and the CCD camera are operated by the individual DCPs, i. has three different categories of programs, named COMMANDS, JOBs, and PRC, respectively, in order from the lower to the higher level. Only COMMANDS are allowed access to four status files of the telescope, the autoguider, the spectrograph, and the CCD camera in the Network Files (NF). Device Control Programs (DCPs) always monitor the corresponding status files. Communication between SOP and DCPs is made via the status files in the network.
ing program and to control corresponding devices as a standalone instrument. In the current hardware configuration, the two DCPs, i.e., SCP and CCP, and the observation program SOP shares a single computer (SNG PC) shown in Fig. 2 . However, they run independently without any direct interactions on the single PC. A monitor program lets the three programs run in turn at a given time interval.
For each device, one Network File (NF) is prepared in the network-film server. The contents of each NF are basically the status of the device. There are many status items for a device. Two categories of status are considered for every status item. One is a Present Status (PS) and the other is a Requested Status (RS). Each DCP monitors its own NF. If a difference between the RS and the PS is recognized for an item, the DCP outputs a command to the device controller to change its status to match the RS. While the status of the device is being changed to the new one, DCP outputs the current status to the PS in the NF.
This structure and function of DCPs mean that general control of the whole instrument system is made simply by rewriting RSs in the NF. To control many devices distributed in the network, SOP monitors the status of all devices and rewrites NFs without direct access to devices. The NFs are the software interface between the SOP and the DCPs.
The principal advantage of using a local-area network is that a fairly complicated system composed of many devices can be controlled easily with simple PCs. There is also an advantage that a mixture of computer systems such as one consisting of PCs and UNIX machines can be easily constructed. Limitation of application of this method for a particular purpose is determined by dead time during communication among PCs.
Another advantage is that improvements in such a system can be made more easily than for a system in which a number of instruments are controlled by a single control program. As long as the formats of the NFs are kept unchanged, improvement of a device-control system can be made independently from other device systems and other control programs. 
SNG Observation Control Program

SNG Observation Program (SOP)
The SNG Observation Program (SOP) is composed of programs in three different levels: basic tasks of the lowest level, which are named COMMAND, perform device controls. Macro-programs of the middle level (JOB) execute a set of basic tasks. A program of the highest level conducts observations automatically by referring to the programed schedule of observation procedures (PROCEDURE; abbreviated as PRC). There are many programs of COMMAND level and several programs of JOB level (Figs. 4 and 5) . Hereafter, we call a program of COMMAND level simply as a COMMAND and one of JOB level as a JOB as well. Any program of any level can be executed from the console of the SNG PC by the observer.
A COMMAND is a basic program to control the spectrograph or the CCD camera by rewriting the corresponding RS of the NF. Examples of these tasks for the spectrograph are single actions such as setting up various mirrors, changing an angle of grating, turning on/off lamps, moving collimator for focusing, and so on. In case of the CCD camera, single actions such as choosing the gain of the A/D converter, or setting parameters of readout format are performed by a corresponding COMMAND. Not only a single action but also series of sequential actions, such as flushing, exposing, reading out, and displaying the image on a monitor, can be performed by a single COMMAND. Saving an image in FITS format with appropriate header data is performed by a single COMMAND as well.
In usual spectroscopic observations, it is common that a fixed set of some basic tasks is repeated many times in one night. For instance, even simple acquisition of a single spectrum is basically composed of many tasks such as proper setting of various elements of the spectrograph, exposing the CCD, evaluating the image data and saving them if necessary. We defined several macro-programs (JOB) which automatically execute a set of COMMANDS (Fig. 5) . In using a JOB, observers do not have to understand how the elements inside the devices act and how the particular tasks control the individual devices. Thus, they can save time in executing the operations of an observation and avoid unsuitable operations.
For SNG observations, the following two JOBs are fundamental.
EXPOSURE: This JOB's basic task is to obtain a spectrum and to store it on the hard disk. Parameters such as exposure time and filters should be set at the beginning of the JOB, and the object name and comments are prompted for before saving the data.
MOVE ^TELESCOPE: The telescope is moved by a small amount within the square subframe of the video camera of the autoguider described in the previous section. This is achieved by rewriting the RS of the position of the subframe for the ACP. The amounts of the movement in right ascension and declination should be input.
As described in Sec. 1, an SNG observation is a sweep observation of an extended object with a slit spectrograph in the direction perpendicular to the slit. This is basically performed by simply repeating a set of JOB EXPOSURE and JOB MOVE_TELESCOPE with appropriate parameters.
There are several other JOBs which relate to obtaining bias frames (BIAS), dark frames (DARKS), a comparison spectrum (COMPARISON), a continuum calibration spectrum (CONTINUUM), a comb-mask comparison spectrum for correction for distortion of the spectrograph optics (DISTORTION), focusing the spectrograph (HARTMANN_TEST), and initializing the spectrograph and the CCD camera (RESET).
A scheduling program, named PROCEDURE (PRC), is prepared in SOP to execute a regular sequence of observation procedures automatically such as an SNG sweep observation. When a large faint object is observed, it takes a long time, typically more than a few hours, to sweep out the object. During such a long time, a drift of bias level of the CCD camera and a differential flexure of the spectrograph could occur. Therefore, in addition to frames of spectra of the target object, it is necessary to take frames of bias, comparison spectrum, and distortion data at appropriate time intervals during the sweep of the object. Refocusing of the spectrograph could be necessary as well. In order to execute automatically those various JOBs, the PRC executes JOBs which are prepared in a SNG Procedure File (SNG_PF) in the NF A flow of the commands in a typical SNG observation is shown in Fig. 5 . The PRC calls each JOB in turn prepared in a SNG_PF. A JOB performs a fixed sequence of COM-MANDS which make DCPs to control the corresponding device by monitoring RSs and PSs in the NFs. Several COM-MANDS are executed in parallel. After a sign of completion of a COMMAND is sent to the SOP through the NF, the next COMMAND is executed. When an image is stored, parameters necessary for the image header are gathered from PSs in the NFs.
SYSTEM PERFORMANCE
Since a sweep of an object image is made with the autoguider as described in Sec. 2.2, the area swept in one sequence of a sweep observation is a maximum of 3' perpendicular to the slit, which is limited by the field of view of the guider, and 4' along the slit. This is wide enough for most bright galaxies. However, existence of a proper guide star is essential in order to perform observations of a particular object.
The spatial resolution of an SNG observation is mostly determined by the slit width, the interval between two successive slit positions of sweep, and the accuracy of guiding of the telescope. Since the average seeing size is around 2" at the observatory, we usually select the slit width of 178. The maximum interval of step of sweep is equal to the slit width for full sampling over an object image. The accuracy of the guiding is as small as 073 rms in the case of an integration time of 5 s for a 14th magnitude guide star. For fainter guide stars, a longer integration time is required to measure the guiding error. A periodic error of the sidereal drive of about 1" at maximum dominates the guiding error when the integration time is longer than 20 s.
There is some internal scatter of light after the slit in the spectrograph. The amount of the scattered light integrated along the slit farther than 10" from a point source is approximately 3% of the total flux measured along the slit. Monochromatic intensity distributions extracted from an observed data cube suffer from the scattered light along the slit direction. This effect may be serious in the vicinity of a very bright point source such as nuclei of Seyfert galaxies.
In observations during which the attitude of the telescope changes appreciably, the position of the spectrum on the CCD suffers from a drift due to the differential distortion of the spectrograph. When an hour angle changes from -3 to +3 h through the zenith (declination about 35°) with a position angle of the slit of 90°, the drift amounts to 6 pixels in the direction of the slit length and to 1 pixel to the direction of the spectral dispersion. Correction for the drift by using data obtained in every half an hour by JOBs of COMPARI-SON and DISTORTION ensures enough accuracy for the geometry of the data cube for most observations.
Another source of geometrical inaccuracy is due to the drift of the slit position on the sky. A drift of this type results if the guide video camera tilts as an hour angle changes. Then the slit position changes even if the same guide star is detected at the same position in the field of view of the guide camera. This drift could be overcome by readjusting the slit settings at a reference point at appropriate time intervals.
There are various sources of dead time of operations in SNG observations. The time required for the telescope to move to the next slit position is about 20 s with a sweep step of a typical slit width of T. r 8 for a 14th magnitude guide star. The mechanical movements of the elements of the spectrograph require about 10 s. It takes 15 s for reading out the full frame of the CCD and storing the data. While the CCD is read out, no mechanical movements are allowed to avoid suffering additional noise. The averaged total dead time amounts close to 1 min for one step of a typical sweep.
A longer exposure time than about 10 min is preferred in order to reduce the ratio of dead time relative to the total observation time. However, the longer the exposure time is, the more radiation events and/or flexure could affect the ob- servation. Then, the optimum dwell time at one slit position appears to be 10 to 20 min. With the longer dwell time at each slit position, changes of atmospheric conditions affect the observation until the sweep is completed. In a case such as the passing of a thin cloud, the atmospheric transmission is variable for different slit positions. From such observational data, monochromatic images will show spurious stripes along the slit positions. If the variation of brightness of the guide star were recorded during an observation, the effect of atmospheric variations could be largely removed. Unfortunately, such calibration data are not available from the present system, as the gain of the video signal from the guide-camera head is changed automatically by the video-signal processor currently used.
One method for overcoming the variable transmission of the atmosphere is to perform two sweeps of an object with different slit orientations, preferably differing by 90°. In the process of data reduction, each 2D spectrum obtained was scaled in intensity, respectively, so that the intensities at a selected wavelength from the different two sweeps coincide at all points of the area common to both sweeps. From all the spectra, we can construct a data cube (more strictly a crossshape column) which is free from atmospheric variations during the sweeps. This method has proven to be fairly successful if there are enough common points (see Sec. 5).
ASTRONOMICAL APPLICATIONS
Since commissioning SNG, various extragalactic objects have been observed including nearby large galaxies and QSOs. In the following, we briefly show a few examples of the observational results obtained with SNG.
3C 120: 3C 120 is a well-known active galaxy characterized as an intermediate object between a Seyfert 1 and a QSO, with a redshift z=0.033. In the SNG observation, the object was swept in two directions which were orthogonal to each other. The variations of the sky condition during the sweep were corrected successfully with the method stated in the previous section. In Fig. 6 are presented the Ha and the [O m]5007 À emission-line images which were derived from the data cube. The emission-line region extends farther than 50 kpc from the nucleus of the underlying galaxy (H 0 =! 5 kms _1 Mpc -1 ). The structure of the region is remarkably different from that of the parent SO galaxy. The nature of the extended emission line region is discussed in detail elsewhere (Kosugi et al. 1995) . NGC 4449: NGC 4449 is one of the bluest galaxies in the northern sky. This nearby (D=5.4 Mpc) Magellanic irregular galaxy has many bright HII regions and a huge HI envelope. The maps of Ha intensity, Ha velocity field and the velocity dispersion obtained by the SNG observation are shown in Fig. 7 (a)-7(c), respectively. As is obvious in Fig. 7(b) , no global rotational motion can be detected. It is very interesting that the velocity field shows a mosaic structure of blueshifted and red-shifted components with sizes up to ~1 kpc. Also, many filamentary structures have been newly recognized in the channel maps of the velocity field. The details of the results and their astronomical implication will be published by Sasaki et al. (1995) .
NGC 3646: This large (D 25 = 107 kpc), massive (Mdyn-10 12 Af 0 ), and tremendously gas-rich (M Hl =* 10 10 Mq) spiral galaxy is characterized by the bright, extraordinary large ring with a radius of approximately 15 kpc. The SNG observation of NGC 3646 has revealed that the Ha velocity field of NGC 3646 is significantly distorted from that of a circular rotating disk (Fig. 8) . The distortion of the velocity field indicates that the ring is expanding outward with a velocity of 30 km s -1 and that the gas inside the ring is contracting to the center. Those kinetic properties of NGC 3646 suggest that the huge ring was formed by a pole-on galaxy-galaxy collision with the companion galaxy NGC 3649, which occurred ~10 9 yr ago. Details on this observation will appear elsewhere .
SUMMARY
We have successfully made the Spectro-nebulagraph (SNG) as a tridimensional spectroscopic observation system for extended objects. It consists of the 1.88-m telescope control system, its autoguider, the long-slit spectrograph and its CCD camera. All the devices are linked with a local-area network of personal computers. The network files on the server PC play a role as the software interface between the system-control program and the device-control programs.
By the construction of SNG, it has been proven that a fairly complicated system composed of many devices can be controlled easily with PCs based on a local-area network.
Another merit of such a system is that improvement or replacement of any device-control system can be made without any influence to other device-control systems as long as the network file is kept unchanged.
It has been shown that SNG is useful for area spectroscopy and spectrophotometry of the extended objects. It is best adapted to large objects such as nearby galaxies.
